The use of Nifedipine (NI), a dihydropyridine calcium channel blocker, is limited due to its poor aqueous solubility. However, NI loaded solid-lipid nanoparticles (NI-SLN) are known to exhibit suitable pharmacokinetic properties and good biocompatibility. The present investigation was designed to evaluate the effects of NI-SLN on glucose homeostasis, lipid metabolism and liver function in fructose-induced diabetic rats. NI-SLN was prepared by high pressure homogenization technique followed by lyophilization with trehalose as cryoprotectant. Diabetes was induced into rats by the administration of fructose (10%) in drinking water for six weeks. After induction of diabetes, rats were divided into four groups for the oral ingestion of NI, NI-SLN and/or vehicles and their effects on blood glucose levels, oral glucose tolerance test (OGTT), lipid profile, biochemical parameters, electrolytes and histopathology were observed. Single dose administration and treatment with NI-SLN showed significant glucose lowering efficacy in fructose-induced diabetic rats. Although NI and NI-SLN did not alter the fasting blood glucose level in normal rats, diabetic rats treated with NI-SLN resulted in significant reduction in glucose level for 24 hr. In OGTT, NI-SLN exhibited significant antihyperglycemic activity in both normal and diabetic rats. So, NI-SLN has better glucose lowering efficacy than that of pure NI in diabetic rats. The survival rates in rats among the treatment groups were 100%. Treatment with NI-SLN significantly improved lipid profiles than NI alone and the effect was dose-dependent. Administration of NI-SLN significantly reduced uric acid, creatinine levels and maintained a good cationic balance. After two weeks of NI-SLN treatment, hepatocytes regained their normal architecture, and the beneficial effect could be correlated with the reduction of SGOT and total bilirubin levels. Therefore, NI-SLN was found to be useful for the enhancement of bioavailability and exhibited profound antidiabetic activity in rats. The results of the study suggested that NI-SLN exerted better improvement in glucose levels, lipid profiles and organ protection than pure NI and might have some beneficial effects in the management of diabetic patients.
Introduction
A large number of active pharmaceutical ingredients used in pharmaceutical formulations are practically insoluble in water [1] . This hydrophobic nature of drugs leads to poor systemic bioavailability, which in turn, may also be affected by insufficient permeation of drug through the gastrointestinal membrane. In particular, for drugs that undergo extensive first-pass metabolism, the scenario is often worsening. Presently, the development of different technologies to improve solubility remains the mainstay in pharmaceutical research.
Calcium channel blockers (CCBs) are a class of vasodilators widely used in the treatment of hypertension. The therapeutic acceptability of CCBs varies depending on their pharmacokinetic and pharmacodynamic properties [2] . Nifedipine (NI), a prototype dihydropyridine CCB, belongs to Class II of Biopharmaceutics Classification System (BCS) of drugs and is characterized by its poor water solubility but high membrane permeability. Generally, NI is associated with a poor bioavailability, short half-life and significant fluctuations in plasma drug concentrations were also observed with this drug [3] . By modifying the formulations of NI, it is possible to maintain the plasma drug concentration at the desired level with minimal fluctuations which would provide a prolonged therapeutic effect with a reduced incidence of side effects [4] . Recently, our co-workers prepared nifedipine-loaded solid lipid (NI-SLN) lyophilized with trehalose by high pressure homogenization of NI and hydrogenated soybean phosphatidylcholine (HSPC) and dipalmitoylphosphatidylglycerol (DPPG); and developed a stable and lyophilized NI-SLN having 4-fold better water solubility than that of pure NI [5] [6] [7] . Further, the newly developed NI-SLN could play a significant role in the management of diabetes and hypertension.
Generally, hyperinsulinemia, insulin resistance, hypertriglyceridemia and obesity are treated by hypoglycemic (such as metformin) and lipid-lowering agents. [9] . CCBs are used as major therapeutic agents in the treatment of systemic hypertension and ischemic heart disease. However, significant variation in their effects on carbohydrate and lipid metabolism has been reported. In contrast to diuretics and β-blockers (that worsen insulin sensitivity), CCBs have generally been considered to be metabolically neutral (verapamil, diltiazem) or slightly positive (isradipine) in their effects on glucose and insulin [10] [11].
However, it was reported that NI treatment suppressed plasma glucose, insulin and triglyceride in patients with hypertension [12] . The objective of this study was to evaluate the effects of newly developed NI-SLN on plasma glucose, lipid profiles and liver functions in fructose-induced diabetic rats.
Methods and Materials

Drugs and Chemicals
Fructose was purchased from Merck, Germany. Serum concentration of total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), creatinine, uric acid, calcium and serum glutamate oxaloacetate transaminase (SGOT) were colorimetrically determined by commercial diagnostic kits (Human, Germany).
Total bilirubin was determined using commercial kit obtained from Randox,
UK. To produce lyophilized NI-SLN, HSPC (COATSOME® NC-21) and DPPG
(COATSOME® MGLS-6060) were collected from Nippon Oil and Fats Co., Ltd.
(Japan). Trehalose was bought from Wako Pure Chemical Industries Ltd. (Japan). Pure NI was a generous donation by Square Pharmaceuticals Ltd., Pabna, Bangladesh. All other chemicals and solvents used were of analytical grade.
Preparation of NI-SLN
The preparation of NI-SLN was performed according the methods of Barman et al. as described earlier [5] . Briefly, for preparation of the NI-SLN suspension, 40 mg of NI and 1000 mg of HSPC and DPPG in 5:1 molar ratio were physically mixed in a mortar for 5 min. Then, the mixture was co-grounded by a roll mill (R3-1R, Kodaira Seisakusho Co., Ltd.). The grinding part consisted of three rollers of which the rotating velocity ratios were fixed as 1:2.5:5.8. Grinding was carried out for 5 min. During grinding, most of the samples were adhered to the rollers, and some partially fell down from the rollers. Therefore, the mill was stopped every 30 sec to collect the material. The co-grinding cycle was repeated 10 times. The resultant roll mixture was dispersed in 200 ml of de-ionized distilled water and premixed using a Speed Stabilizer (10,000 rpm, Kinematica Co.)
at 9000 rpm for 10 min, followed by high pressure homogenization (max pressure: 200 MPa, Nanomizer, NM2-L200-D10; Yoshida Kikaikogyo, Co.) with a pass cycle of 100. The suspension thus obtained was filtered through a 0. 
Animals
Six-week old male Wister rats (100 -120 g) were purchased from Animal Center, Department of Pharmacy, Jahangirnagar University, Savar, Dhaka, Bangladesh. The rats were kept in animal cages under standard environmental conditions (22˚C -25˚C, humidity 60% -70%, 12 hr light: 12 hr dark cycle). The rats were acclimated for 2 weeks and given standard rodent chow and water ad libitum.
Throughout the study, the animals were cared in accordance with the guidelines for animal experimentation. The experimental protocol was approved by Institutional Animal, Medical Ethics, Biosafety and Biosecurity Committee (IAMEBBC) at the Institute of Biological Sciences, University of Rajshahi, Bangladesh.
Experimental Design
Induction of Diabetes
Diabetes was induced into normal rats after feeding fructose in drinking water (10% solution) for 6 weeks [13] [14] . After overnight fasting, plasma glucose levels were measured by glucometer (One Touch Ultra, Japan) using blood sample from tail-vein of rat. Blood sugar levels higher than 5.6 mmol/L were considered as diabetic.
Effect of NI-SLN on Blood Sugar Levels
Both normal and diabetic rats were divided into three groups and subjected for 
Oral Glucose Tolerance Tests (OGTT)
To perform OGTT, blood glucose levels of both normal and diabetic rats were measured after overnight fasting. After 30 min of oral administration of NI (0.1 mg/kg), NI-SLN (0.1 mg/kg) and/or vehicle (HSPC+DPPG, 5:1), a glucose load (2 g/kg) was given to rats from both normal and diabetic group. Blood samples were withdrawn from the tail-vein of rats at 0 min, before and 30, 60, 90 and 120 min after glucose loading. Further, blood glucose levels were estimated using glucose oxidase and peroxidase method [15] .
Treatment Protocol
After induction of diabetes, rats were divided into five groups for the oral ad- Age-matched healthy rats were used as normal control (Group NC, received vehicle) and each group comprised of five animals.
The body weights and fasting blood glucose levels of rats from each group were estimated on 0 day, before and 5, 10 and 15 days after oral administration of drugs and/or vehicles. At the end of experiments, the rats were anesthetized, chest opened and blood samples were withdrawn directly from abdominal aorta at retroperitoneal space and poured into blood collecting tube [16] . The blood samples were centrifuged at 4000 rpm for 10 minutes (Centurion, UK) and the serum samples were stored in refrigerator at −40˚C until further biochemical estimation. After sacrificing, liver, pancreas, heart and kidney were removed and cleaned of the surrounding tissues. The organ weights were measured immediately and the ratio of organ weights to body weights (g/kg) were calculated.
Then, the parts of liver were stored in 10% formalin for histopathology.
Biochemical Estimations
The serum concentration of TC, TG and HDL were measured colorimetrically by photometric colorimeter (ERMA Inc., Japan) using commercially available wet reagent diagnostic kits (Human, Germany). Serum low density lipoprotein (LDL) was calculated by using Friedewald formula [17] :
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Serum uric acid, creatinine, calcium and SGOT levels were determined by colorimetric method using a blood analyzer (Humalyzer, Germany). Quantitative measurement of serum electrolytes (Na + , K + , Cl − ) was done by using an electrolyte analyzer (Erba Mannheim, Germany). Serum total bilirubin was determined by photometric method using commercial kit (Randox, UK).
Histopathological Study
The histopathological studies of liver were carried out at the Department of Pathology, Rajshahi Medical College, Rajshahi, Bangladesh. Briefly, livers from each group were fixed in phosphate buffered saline containing 10% formalin. The tissues were washed in running tap water, dehydrated in the descending grades of isopropanol and finally, cleared in xylene. The tissues were then embedded in molten paraffin wax. After embedding in paraffin, several transverse sections (5 μm) were cut from the mid organ level by microtome machine and stained with hematoxylin-eosin (HE). The specimens were observed under light microscope (400× magnification) with digital camera (Optika, Italy) for any structural changes.
Statistical Analysis
Data were expressed as mean ± standard error of mean (SEM). Student's t-test was used for comparison between two groups. Comparisons among more than two groups were performed by one way analysis of variance (ANOVA) followed by Tukey's post-test. The differences were considered as significant when p < 0.05. All statistical analysis was performed by MS Office Excel Analysis ToolPak and GraphPad Prism software.
Results
Hypoglycemic Effect of NI-SLN in Normal and Diabetic Rats
The effects of NI-SLN on blood glucose levels in normal and diabetic rats for 24 hr are shown in Table 1 . The normal rats treated with NI and NI-SLN (single dose) did not alter the fasting blood glucose level after 0.5, 1, 1.5, 2, 4, 6, 8, 16 and 24 hr of oral administration when compared to 0 hr level. The blood glucose levels were higher in diabetic rats. However, diabetic rats treated with NI-SLN resulted in significant reduction in glucose level up to 24 hr in which most prominent effects were observed between 1 -2 hr (p < 0.01) as compared to that of 0 hr level. In contrast, NI treated diabetic rats showed a reduction in fasting glucose level between 4 -6 hrs but the effect was not significant. So, NI-SLN has shown better glycemic control than that of pure NI in diabetic rats.
Effect of NI-SLN on OGTT
The effects of NI-SLN on OGTT in normal and diabetic rats are shown in Figure  1 . In NC rats, the blood glucose levels were peaked after 30 min and remained high up to 60 min. Although NI reduced blood glucose levels, NI-SLN exhibited significant antihyperglycemic activity in normal rats between 30 -60 min (p < 0.05). In DC rats, blood glucose concentration were peaked after 30 min and remained high over the next 90 min. Rats in NI and NI-SLN group showed a significant attenuation in blood glucose levels after 30, 60, 90 and 120 min when compared with DC rats.
Treatment Protocol
Clinical Course
The survival rates in rats among the treatment groups were 100%. None of the rats died in NI-SLN, NI and vehicle-treated groups. No sign of physiological and pathological changes were observed in rats treated with drugs and/or vehicles.
Time Course of Changes in Blood Glucose Levels
Time course of changes in blood sugar levels are shown in Table 2 . On day 0, before the initiation of treatment the blood glucose levels were significantly higher in diabetic rats compared to NC rats (p < 0.01). Oral administration of NI-SLN significantly lowered the blood glucose levels on day 5, 10 and 15; and the effect was dose-dependent. Although NI lowered glucose levels in diabetic Pharmacology & Pharmacy rats, no significant differences in blood glucose levels were observed among the treatment groups.
Effects of NI-SLN on Body Weight and Organ Weight
Body weights, organ weights and organ weight to body weight ratios are summarized in Table 3 . The body weights and organ weights were higher in diabetic rats than that of NC rats. Although treatment with NI-SLN and NI lowered body weight, organ weight and organ weight to body weight ratio, the effects were not significant.
Effects of NI-SLN on Lipid Profile
The changes in lipid profile are shown in Table 4 . The data revealed that the levels of TC, TG and LDL were significantly higher and HDL levels were significantly lower in diabetic rats as compared to NC rats. The increment of TC, TG, LDL and LDL/HDL ratio were attenuated and HDL level was increased after oral ingestion of NI-SLN. The Group NI-SLN 1.0 exhibited greater improvement in lipid profile among the treatment groups. Although NI decreased TC, TG, LDL and increased HDL, the effects were not significant.
Effects of NI-SLN on SGOT and Total Bilirubin
The liver enzyme SGOT and serum total bilirubin levels are shown in Table 4 .
The DC rats exhibited higher levels of SGOT and total bilirubin indicating inflammation and/or abnormal liver function. However, administration of both NI-SLN 1.0 and NI-SLN 0.1 significantly reduced SGOT levels and were comparable to that of NC rats. NI-SLN reduced total bilirubin levels but the effect was not significant. Table 4 represents the effects of NI-SLN on serum uric acid, creatinine, calcium and electrolytes. The data revealed that serum uric acid and creatinine levels were significantly elevated in DC rats. Administration of NI-SLN in diabetic rats reduced both uric acid and creatinine levels; and the effect of NI-SLN was dose-dependent. Furthermore, the serum levels of calcium and K + levels were significantly lower; and Na + and Cl − were significantly higher in DC rats. Administration of NI-SLN restored the levels of the serum calcium, K + , Na + and Cl − and the effects were dose-dependent.
Effects of NI-SLN on Serum Uric Acid, Creatinine, Calcium and Electrolytes
Histopathology
Representative photomicrographs of thin sections of liver stained with HE are presented in Figure 2 . Liver from diabetic rats showed cytoplasmic inclusions with 
Discussion
Insulin resistance and hyperinsulinemia are frequently associated with both clinical and experimental hypertension [18] . In dietary rodent models, CCBs can attenuate many of the symptoms of metabolic syndrome [19] [20] . Both dihydropyridine and long-acting nondihydropyridine CCBs have shown metabolic benefits, with effects on insulin sensitivity and insulin secretion. Also, ACE-Is and ARBs were shown to reduce insulin resistance while thiazide diuretics and β-blockers may complicate the conditions [21] . NI is a CCB known to be metabolically neutral which implies it has no effect on glucose homeostasis or lipid metabolism [22] . However, recent studies indicated that NI is effective in reducing plasma glucose and serum TG levels in hypertensive patients along with the capacity of increasing the plasma HDL level [12] . NI is widely used as an anti-hypertensive. However, the use of this drug is limited due to its poor aqueous solubility despite its high membrane permeability. Recently, our co-workers reported that the aqueous solubility of NI increased by about 4-fold when loaded in SLN [5] . In addition, NI is known to possess antioxidant properties and may improve insulin sensitivity by increasing insulin uptake by tissue for glucose metabolism [23] . Therefore, the present study was designed to evaluate the effects of a newly developed NI-SLN on glucose homeostasis, lipid metabolism in states of metabolic syndrome in fructose-induced diabetic rats. showed decrease in blood glucose levels, however, the effect was not significant.
The effect of NI-SLN and NI on changes in 24 hr plasma glucose levels was in accordance with the results of Sheu et al., who showed that the day-long glycemic response was modestly lower after NI therapy in patients with hypertension [12] . In OGTT, NI could not inhibit hyperglycemia whereas NI-SLN significantly exhibited anti-hyperglycemic activity in NC rats. In contrast, both NI and NI-SLN showed improvement in glucose tolerance in diabetic rats. These findings thus, imply that NI-SLN appears to counteract this effect of hyperglycemia in both normal and diabetic rats, whereas NI found only to show some effectiveness in diabetic rats. Similar observations were obtained by Kito et al. indicated that CCBs did not significantly affect plasma glucose levels in normal rats; however, they were effective in attenuation of high glucose levels in diabetic rats [20] . After 15 days, the survival rate in rats among the treatment group was 100%. None of the rats died in NI, NI-SLN and vehicle-treated groups. Normal rats treated with NI-SLN 1.0 showed significant reduction (p < 0.05) in blood glucose levels, however, NI did not exhibit any significant alterations in glucose levels. A peripheral vasoconstriction could account for both high glucose level and impaired insulin sensitivity in fructose-fed rats. However, NI-SLN was able to prevent fructose induced hyperglycemia in rats may be due to vasodilatory action of NI. Further, fructose feeding causes characteristics of obesity in rats that is increased body weight, hyperlipidemia and hypertriglyceridemia [24] [25] . After 15 days of oral administration, NI-SLN lowered body weights, organ weights and organ weight to body weight ratios. Treatment with NI-SLN showed a significant decrease in TC, TG, LDL and LDL/HDL ratio with increased HDL than that of NI. Recent, studies indicated that felodipine, a dihydropyridine CCB, which showed a significant reduction in the levels of serum TC, TG and LDL-cholesterol in patients with hypertension [26] . The mechanism by which NI lowered lipid levels in diabetic rats might be resulted from the activation of cellular cholesterol ester hydrolase [27] . Moreover, hormone-sensitive triglyceride lipase and LDL-cholesterol receptors played a significant role in lowering TG and LDL-cholesterol [28] [29] . Pharmacology & Pharmacy
In the current study, treatment with NI-SLN showed significant reduction in SGOT, uric acid and creatinine levels whereas NI did not. Elevated serum uric acid predicts the development of insulin resistance, obesity and hypertension [22] . NI-SLN treatment reduced uric acid levels which might be partly responsible for improving insulin sensitivity and subsequent hypertriglyceridemia in fructose-induced diabetic rats [30] [31] . Diabetic rats exhibited cationic imbalances and our observations were in accordance with study reported earlier [32] .
Treatment with NI-SLN increased the concentration of serum calcium and K + with a decreased the concentration of serum Na + and Cl − . Acute role of systemic calcium has invoked its function in insulin secretion, appropriate response to glucose and hypertension [33] . Administration of NI-SLN has resulted in significant increase in serum calcium which may be responsible for insulin release by exocytosis which further contributes to the improvement in glucose metabolism [34] . Liver from diabetic rats showed cellular accumulation of lipids and inflammations as evidenced by increased in liver weight and SGOT levels. Hepatotoxicity is associated with abnormal calcium homeostasis, which may result in the activation of many membrane damaging enzymes like ATPases, phospholipases, proteases and endonucleases; and thus causes disruption of mitochondrial energy metabolism and ultimately damage of cellular architecture [35] [36]. Although, NI alone could not preserve liver structure in fructose-induced diabetic rats; administration of NI-SLN reduced SGOT levels and hepatic damage. The results obtained in this study suggested that NI-SLN might have hepatoprotective activity owing to the improvement of diabetic conditions.
Conclusion
NI-SLN was prepared by high-pressure homogenization technique followed by lyophilization with trehalose; and it was converted into suitable oral suspension 
